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ABSTRACT
Onancock Creek, located on the Eastern Shore of Virginia, is a small tributary to 
the Chesapeake Bay. It has a total drainage area of 39 km2  and three branches at its 
headwaters: North Branch, Central Branch, and South Branch. Based on the long-term 
monitoring data collected by the Virginia Department of Environmental Quality (VA 
DEQ), low DO (<5 mg/L) was observed consistently during the summer and fall in North 
Branch. A high-frequency (i.e., 15-minute) dataset was also collected in 2004 at 0.5 m 
below the water surface of North Branch. It revealed that the DO concentrations were 
composed of a series of strong diurnal oscillations between super-saturation and near­
anoxia, and were frequently interrupted by the near-hypoxia prolonged DO sags, 
corresponding to rainfall events, for a period of 2-5 days. In the winter, the diurnal 
oscillations and the disruption periods still existed, but the minimum DO concentrations 
were mostly above 4 mg/L.
A hypothesis was made that the cause of the hypoxia in North Branch was related 
to: ( 1 ) excess point and nonpoint source loading input, (2 ) high sediment oxygen demand 
(SOD), and (3) localized hydrological conditions corresponding to rainfall events. In 
order to test the hypothesis, a numerical modeling system, including a watershed model 
LSPC and a coupled hydrodynamic and water quality model HEM-3D, was set up and 
applied to simulate the hypoxia process in North Branch. The major inputs to the water 
quality model included the point and nonpoint source loadings for major nutrients and 
total organic carbon, the three-dimensional hydrodynamic transport and mixing, the 
sediment oxygen demand and the benthic nutrient flux calculated through a coupled 
sediment diagenesis model. The modeling system was calibrated and verified with both 
long-term and short-term field data.
The calibrated model was capable of reproducing the short-term diurnal variations 
of DO as well as the prolonged DO sags that occurred during rainfall events. For the 
long-term simulation, the model results compared reasonably well with the multi-year 
field measurements for salinity, temperature, DO, and other major water quality 
constituents. The model sensitivity analyses further verified the aforementioned 
hypothesis and demonstrated the important roles played by point and nonpoint source 
loadings, SOD, and the stratification setup during rainfall events. In terms of dynamic 
processes, a conceptual model comparing shallow vs. deep water DO dynamics was 
developed. It signifies the expanding role of the phytoplankton community in the shallow 
water as being both a primary producer and consumer of DO. Because of the shallowness, 
the contribution of SOD to hypoxia as well as the benthic-pelagic coupling of nutrient 
and organic matter is greatly increased. For the TMDL (Total Maximum Daily Load) 
development, a strategy taking into consideration the controllable vs. non-controllable 
loads was discussed for the restoration of the Onancock Creek ecosystem.
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HYPOXIA IN SHALLOW COASTAL WATERS:
A CASE STUDY IN ONANCOCK CREEK, VIRGINIA
I. INTRODUCTION
1-1. Background of coastal water hypoxia
Webster’s Dictionary defines hypoxia as “a deficiency of oxygen.” For natural 
waters, hypoxia is the condition in which dissolved oxygen (DO) is below the level, 
usually less than 2-3 mg/L, necessary to sustain most aquatic animal life (US ESA, 2002; 
US EPA, 2003). As a worldwide problem, hypoxia is causing deleterious effects in 
estuarine and coastal waters. It not only causes mortality of organisms, but also affects 
living resources, and thus damages the aquatic ecosystem (Rosenberg, 1985; Lowery and 
Tate, 1986; Turner and Rabalais, 1994; Diaz and Rosenberg, 1995; Paerl, 1997). For 
example, when DO drops to 4 mg/L, fish will begin to feel stressed and migrate from the 
area. Below 3 mg/L, fish mortalities will occur and shellfish will begin to shut down. 
Exposure to less than 30% saturation (-2.0 mg/L for seawater in summer) for one to four 
days can kill most biota, especially during summer months when metabolic rates are high 
(Karim et al., 2002).
Although hypoxic environments have existed throughout geologic time, their 
occurrence in shallow estuarine and coastal waters appears to be increasing, most likely 
accelerated by human activities (Cloem, 2001; Diaz, 2001). The largest zone of oxygen- 
depleted coastal waters in the US is found in the Northern Gulf of Mexico and has 
extended to more than 20,000 km2 in recent years (US EPA, 1999). In the Chesapeake 
Bay, summer hypoxia has occurred since the 1930s, and has been significantly worse 
since 1950 (Hagy et al., 2004). Previous studies suggest that the enrichment of 
anthropogenic nutrients in the coastal environment is the dominant cause of hypoxia, 
while adverse meteorological and hydrodynamic conditions further exacerbate the 
problem (Kemp and Boynton, 1984; Pape and Menesguen, 1997; Lowery, 1998; Wang et 
al., 1999; Karim et al., 2002; Gargett et al., 2003).
Shallow coastal waters are the portions of the estuarine and coastal systems with 
water depths less than 2-3 meters that exist adjacent to shorelines. In the US, shallow
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waters are most common along the Atlantic Coast from Delaware through Florida (Mallin 
et al., 2004). For example, in Chesapeake Bay, there are many small tidal tributaries 
serving as important buffer zones and linkages between terrestrial and aquatic ecosystems. 
These tidal creeks not only provide important habitat to numerous aquatic animals and 
birds but also serve as prime locations for human development (Mallin et al., 2004). 
Land-derived pollutants usually pass through these waters before they finally reach the 
Bay. The primary production in shallow waters is much higher than in deep waters due to 
the enrichment of nutrients, which comes from both direct land input and strong benthic 
recycling. Chlorophyll concentrations in these waters can be as high as hundreds of 
micrograms per liter. During storm events, a large amount of freshwater input combined 
with strong wind mixing can drastically change the entire system (e.g., sharply decrease 
its salinity and increase the flushing rate and turbidity). Therefore, shallow coastal waters 
are extremely dynamic in terms of both hydrodynamic and biological activities.
Unlike deep water systems where water stratification develops more easily, 
shallow conditions tend to permit wind and tide-driven mixing to occur in the entire 
waterbody and thus favor the replenishment of bottom DO from the atmosphere.
However, hypoxia still exists in some shallow waters, especially during the summer and 
early fall. It results primarily from extremely high respiration and decomposition that 
overwhelms DO replenishment and is often aggravated by adverse meteorological and 
hydrodynamic conditions (Karim et al., 2002; Rabalais, 2002). To understand the causes 
and mechanisms of hypoxia in shallow waters is challenging due to its highly dynamic 
characteristics. A comprehensive approach that includes watershed characteristics 
assessment, as well as hydrodynamics and water quality studies, is needed.
Numerical models are widely used nowadays to diagnose water quality problems 
and predict future water quality status (e.g., Park and Kuo, 1996; Rajar and Cetina, 1997; 
Wang et al., 1999; Cox, 2003). Deterministic water quality models are based on mass 
balance equations for water quality constituents in the water column, which consist of 
both physical transport and biochemical processes (Park et al., 2005). In the Chesapeake
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Bay area, several water quality modeling packages have been widely used. Cerco and 
Cole (1993) developed a three-dimensional eutrophication model, the Corps of Engineers 
Water Quality Integrated Compartment Model (CE-QUAL-ICM), which receives 
information on physical transport through an external interface from the three- 
dimensional hydrodynamic model, Curvilinear Hydrodynamics in Three Dimensions- 
Waterways Experiment Station (CH3D-WES) (Johnson et al., 1993). These two models, 
combined with a watershed model, Hydrologic Simulation Program-Fortran (HSPF) 
(Bicknell et al., 1997), form the Chesapeake Bay Environmental Model Package 
(CBEMP) that is continuously being used by the Chesapeake Bay Program (CBP) for 
assessing and predicting water quality status in the Bay. The Virginia Institute of Marine 
Science (VIMS) also integrated its three-dimensional hydrodynamic model, 
Environmental Fluid Dynamics Computer Code (EFDC) (Hamrick, 1992) with a water 
column eutrophication model (Cerco and Cole, 1993) and a sediment diagenesis model 
(DiToro and Fitzpatrick, 1993), to form the Hydrodynamic-Eutrophication Model in 
Three Dimensions (HEM-3D) (Park et al., 1995).
In order to obtain a better estimation of the nutrient loading for the water quality 
model, a watershed model that can provide the dynamic input of freshwater and 
pollutants is recommended. Watershed models are important numerical tools that can 
simulate both freshwater discharge and associated transport of pollutants through the 
watershed. There are several general purpose watershed models currently available 
besides the aforementioned HSPF, e.g., Soil and Water Assessment Tool (SWAT) 
(Arnold and Allen, 1992; Neitsch et al., 2002), and Loading Simulation Program in C++ 
(LSPC) (US EPA, 2004; Shen et al., 2005). They all have been widely used for 
hydrology and general water quality (e.g. sediment, nutrients, and bacteria) modeling in 
watershed areas (US EPA, 2001a, b; Tong and Chen, 2002; Grizzetti et al., 2003).
1-2. Description of study area and the hypoxia problem in Onancock Creek
Onancock Creek is located on the Eastern Shore of Virginia. As a small tributary 
of the Chesapeake Bay, it has a total drainage area of 39.2 km2 and three branches at its
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headwaters: North Branch, Central Branch, and South Branch (Figure 1). The average 
water depth of the Creek is about 1.6 m (MSL) and the maximum depth is 8.2 m at the 
mouth. A navigation channel that has a controlling depth of 3 m and a width of 10 m 
extends from the mouth to the upper portion of North Branch. The tide is dominated by 
the lunar semidiurnal tidal constituent (M2 ) and has a mean range of 0.55 m.
A high-resolution aerial photograph of Onancock Creek and its ambient 
watershed is shown in Figure 2. The Creek is located in a rural area and land uses of the 
watershed are dominated by forest and cropland. The Town of Onancock is located near 
the head of the Creek and occupies only a small area. The Onancock Wastewater 
Treatment Plant (Onancock WWTP, hereinafter referred to as WWTP), which treats most 
of the domestic sewage from the Town of Onancock, is located at the head of North 
Branch with its final outfall into this branch. As a secondary wastewater treatment plant 
with a designed capacity of 250,000 gallons/day, currently it does not have specific limits 
for discharge of nutrients (nitrogen and phosphorus, hereinafter referred to as N and P). 
According to its monthly Discharging Monitoring Report (DMR), the effluent criteria for 
DO, BOD5 , and TSS are 6.5 mg/L (minimum), 10.0 mg/L (maximum), and 10.0 mg/L 
(maximum), respectively. Its effluent could meet the criteria during most of the time.
The Virginia Department of Environmental Quality (VA DEQ) has a set of water 
quality stations in Onancock Creek covering the main stem and its branches (Figure 3). 
However, only those stations shown in green have bimonthly data available from the year 
1995 to present. Most of the data were collected 1.0 m below the water surface. Figure 4 
shows historical DO plots for both the branches and main stem. The data show strong 
seasonal DO variations (i.e., high in winter and low in summer). In Figure 4(a), several 
extremely low DO concentrations (<2 mg/L) can be found for station 7-ONB000.56, 
which is located at the head of North Branch. For the station 7-ONB000.20, located 
downstream of North Branch, low DO (< 4mg/L) also occurs quite often. However, 
station 7-ONB000.38, at the outfall of WWTP, only has a couple of measurements below 
4 mg/L. In Figure 4(b), the two stations located in the other two branches do not show
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extremely low DO values in general and have a very similar pattern of DO variation as do 
values at the three stations located in the main stem (Figure 4(c)). So far a preliminary 
statement can be made that DO conditions in Onancock Creek are generally good, except 
for North Branch.
In order to obtain a better perspective of the low DO conditions in North Branch, 
we shifted our focus to the upper portion of the Creek. Figure 5 shows those field stations 
located in the upper portion of the Creek. In summer 2004, VIMS deployed one 
Hydrolab™ in North Branch to collect some intensive data. Later on, another Hydrolab™ 
was added to Central Branch to collect more data for comparison. These two stations are 
also shown in Figure 5. The Hydrolab™ deployed in North Branch was set to collect data 
every 15 minutes and Figure 6  shows the 4-day intensive monitoring result. The 
continuous measurements show a very strong diurnal DO variation. The DO varies from 
nearly 0 mg/L at night to 12 mg/L during daytime. Considering the data were collected 
during the summer period when the temperature was approximately 30 °C, the DO was 
supersaturated during daytime but was quickly used up during night. The supersaturated 
DO should be mainly contributed by photosynthesis, whereas it was heavily consumed by 
both respiration and decomposition during night. This kind of phenomenon suggests that 
the water was in a eutrophic state characterized by a high primary production during the 
sampling period. Also, nutrient-enriched (N and P) effluent from the WWTP seems to be 
capable of supporting high algal production in the upper portion of North Branch (Table 
1).
During the subsequent rainfall events, another kind of DO phenomenon was 
observed in North Branch (Figure 7). During the storms, the large diurnal oscillation of 
DO is significantly suppressed. The DO drops quickly and remains persistently low (<5 
mg/L) for a few days. The period usually lasts for 2-5 days depending on the duration and 
frequency of the storm as well as the amount of the freshwater discharge. After the 
rainfall effect subsides, the diurnal DO oscillation re-appears. The normal diurnal
6
oscillation and disruption pattern is distinctly recognizable and repeats itself during the 
course of the observation.
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n. HYPOTHESES AND OBJECTIVES
Driven by the need of the EPA TMDL program to restore oxygen levels in North 
Branch of Onancock Creek, this study focused on investigating the causes and 
mechanisms of shallow water hypoxia as well as searching for possible solutions for the 
potential environmental remediation. To achieve this goal, three research hypotheses 
were proposed based on field data analysis, and were tested by using a comprehensive 
numerical modeling approach. The comprehensive numerical modeling package 
employed in this study included both watershed and hydrodynamic-water quality models, 
and was set up, calibrated, and applied to diagnose the hypoxia problem through a series 
of numerical experiments.
H-l. Hypotheses
Based on previous field data analysis, it was believed that the hypoxia condition 
that occurred in North Branch had to be related to some of its unique properties. The 
following explanations were thereby proposed to describe the possible causes of the 
hypoxia (Figure 8 ):
Firstly, as an important point source, the WWTP constantly provides excess 
nutrients to the upper portion of North Branch and thus potentially supports excess algal 
growth there. Long-term high primary production plus a poor flushing capability causes 
high deposition and accumulation of organic matter (OM) in the sediment and results in 
high sediment oxygen demand (SOD) as the OM undergoes decay. Under normal 
weather conditions in the summer, the variation of DO is dominated by the reaeration 
from photosynthesis and the consumption from respiration and decomposition, and thus 
exhibits the pattern of large diurnal swings.
Secondly, freshwater input from the watershed can also be an important source of 
allochthonous organic carbon (OC) and nutrients, especially during the wet season. A
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large amount of OC input during storm events can be another important DO sink. During 
rainfall events, photosynthesis is significantly inhibited by light limitation and higher 
flushing rate, while the consumption of DO by respiration and decomposition can still 
remain at high levels. Eventually, prolonged hypoxia develops during and following the 
rainfall events.
Based on the above ideas, three specific research hypotheses for this study were 
proposed as follows:
1. Low DO in North Branch is mainly caused by excess nutrient input from both 
point and nonpoint sources.
As discussed earlier, excess nutrient input from both point and nonpoint sources is 
the dominant reason for most emerging coastal hypoxia problems. The enrichment of 
nutrients in shallow coastal waters can quickly lead those originally pristine systems into 
a eutrophic state. The eutrophication phenomena, which are characterized by high 
primary productivity, will manifest as hypoxia in the water column. Among these three 
head branches, North Branch receives additional amounts of nutrients from the WWTP 
besides nonpoint sources from the watershed. It is reasonable here to include both the 
point and nonpoint sources as the major causes of the hypoxia problem in North Branch.
2. High SOD in North Branch, which is caused by accumulative deposition of OM, 
is another key factor contributing to hypoxia.
The SOD, which is caused by the oxidation of OM in bottom sediments, is a 
substantial DO sink in shallow waters. The benthic deposits of OM derive from several 
sources, e.g., allochthonous particles (leaf litter and eroded organic-rich soils) on land 
and autochthonous photosynthetically produced plant matter in the water column (Chapra, 
1997). For the eutrophic shallow coastal waters that are also heavily subjected to 
terrestrial OM input, the accumulation of OM in the sediment can maintain very high
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levels and subsequently lead to a high SOD. It can be imagined that high SOD in North 
Branch, triggered by high temperature in summer, could be an important DO sink 
contributing to hypoxia.
3. Water column stratification/de-stratification also plays an important role in 
determining the bottom water DO conditions in North Branch.
Although the apparent prolonged stratification in shallow regions such as North 
Branch cannot occur, a short-term stratification caused by increased freshwater input 
during rainfall events or other stratification-favoring forcing can lead to a temporarily 
elevated stratification in the water column. Once the stratification develops, its effect on 
bottom DO could be significant. The replenishment of bottom DO from the surface layer 
can be significantly inhibited, while the consumption that occurs both inside the water 
column and from the sediment can quickly use up the oxygen. The effects of 
stratification/de-stratification on DO dynamics have proven to be extremely important in 
coastal waters by many previous studies (e.g., Pape and Menesguen, 1997; Lowery, 1998; 
Karim et al., 2002; Gargett et al., 2003). Therefore, it can be expected that physical 
processes also play an important role in North Branch.
H-2. Objectives
As stated earlier, the central objective of this research is to understand the causes 
and mechanisms of the hypoxia problem in North Branch of Onancock Creek by using a 
comprehensive numerical modeling approach. To reach the central objective as well as 
test the aforementioned hypotheses, several specific objectives were designed for this 
study accordingly. These objectives were:
1. To find evidence for the hypotheses by further analyzing the field data and 
developing a simple conceptual model on DO dynamics in shallow coastal waters.
2. To estimate the nutrient loadings from both point and nonpoint sources for North 
Branch by using the watershed model.
10
3. To understand the eutrophication process through numerical experiments, in 
conjunction with field data analysis, and to find the underlying mechanism of the 
hypoxia problem in North Branch.
4. To investigate SOD’s contribution to hypoxia through the hydrodynamic-water 
quality model experiments.
5. To study how the hydrodynamic transport and physical mixing affect the DO 
dynamics by using the hydrodynamic-water quality model.
6 . To search for feasible solutions for restoring oxygen levels in North Branch by 
conducting a series of numerical experiments with the hydrodynamic-water 
quality model.
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III. METHODOLOGY
ni-1. Field data analysis
A. VA DEQ historical field data analysis
DO
The bimonthly DO data collected by VA DEQ are shown in Figure 4 and were 
partially discussed in Chapter I. These data provided basic information on the DO status 
of Onancock Creek but were still not enough to describe the DO dynamics with a 
satisfactory temporal resolution. For shallow waters where photosynthesis is often the 
dominant process controlling DO replenishment, the discrete daytime sampling strategy 
may not effectively reflect the low DO problems during the night.
Salinity
Figure 9 shows the salinity data in North Branch and the upper portion of the 
main stem. For the station 7-ONB000.56 located at the head of North Branch, salinity 
varies from 0 to 20 psu over the sampling period. This suggests that a strong interaction 
between freshwater and seawater occurs at this station. For station 7-ONB000.38, the low 
salinity results from the dilution effect of the WWTP’s effluent to the seawater. Further 
downstream, salinity data for station 7-ONB000.20 are very close to those collected at 
station 7-OCN004.56 in the main stem, i.e., there is no apparent salinity gradient between 
these two stations. This may indicate that water mass exchanges very well between these 
two locations.
Temperature
Figure 10 shows the historical temperature data collected by VA DEQ in North 
Branch and the upper portion of the main stem. A comparison of data from all stations 
shows the similar seasonal variations of temperature. However, station 7-ONB000.38 
shows a smaller amplitude of variation due to the buffering effect of the WWTP’s 
effluent. Obviously, temperature data are inversely correlated to the DO measurements in 
Figure 4 for all the stations.
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Nutrients
As expected, plots of nutrient levels at station 7-ONB000.38 show significantly 
higher concentrations than at other stations (Figures 11-12). For station 7-ONB000.56, 
some high concentrations were also observed. These high values may be caused by 
upstream transport of the WWTP’s effluent, or may directly result from the freshwater 
input, or both. But, all the nutrients were quickly used up before they were transported 
further downstream than station 7-ONB000.20. If the nutrient concentrations at station 7- 
OCN004.56 can be thought of as the background values of the main stem, it can be seen 
that the data collected at station 7-ONB000.20 are very close to them.
Mass ratios of total inorganic nitrogen (TIN) and phosphorus (TIP) were 
calculated based on DEQ data (Figure 13). For stations 7-ONB000.20 and 7-OCN004.56, 
N seems to be slightly more limited than P for phytoplankton growth based on the 
Redfield ratio (N:P = 7.22:1). This is also consistent with other observations in most 
temperate and mesohaline coastal waters (Nixon, 1986; Hecky and Kilham, 1988; 
Howarth, 1988; Paerl et al., 1990; Taylor et al., 1995).
For stations 7-ONB000.56 and 7-ONB000.38 in North Branch, the N/P ratio is 
higher for the former and lower for the latter. This is reasonable considering their relative 
locations in the Branch. Station 7-ONB000.56 is located at the head of North Branch and 
is strongly affected by freshwater discharge. Since watershed-derived nonpoint sources 
are usually P limited (Winchester et al., 1995), it is normal that a high N/P ratio was 
observed at this station. Whereas for station 7-ONB000.38, located near the WWTP’s 
outfall, a small N/P ratio is fully consistent with the plant’s effluent quality.
BOPs
From Figure 14, BOD5 concentrations are very low (<= 5 mg/L) during most of 
the time for all the stations, except that a few high values are observed for the two 
upstream stations, 7-ONB000.56 and 7-ONB000.38. These results indicate that, in
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general, North Branch only occasionally was subjected to organic pollution. These 
organic pollutants (mostly OC, and herein referred to as BOD5) possibly resulted from 
the freshwater input or the WWTP’s effluent when it was malfunctioning.
Chlorophyll
There is little recent chlorophyll data for Onancock Creek from VA DEQ (Figure 
15). The latest three samples for station 7-ONB000.20 and station 7-OCN004.56 
respectively, have the concentrations of Chl-a (chlorophyll-a) varying from 20 to 50 pg/L. 
This suggests that primary production in Onancock Creek was possibly increasing in 
2004. However, sparseness of the data limits information on this phenomenon.
Sediment nutrient data
VA DEQ has two sets of sediment nutrient data for Onancock Creek, which were 
collected in 2004 and 2005 (Table 2). Although the time interval between these two data 
sets is slightly longer than one year, significant increases of concentrations were found 
for some parameters, e.g., organic nitrogen (ON) and phosphorus (OP). The sediment 
organic carbon (SOC) concentrations are also higher than other similar estuaries in 
Chesapeake Bay area (Park et al., 1995a).
B. VIMS field data analysis
Chlorophyll
In 2004, VIMS collected a few discrete chlorophyll samples at its two stations in 
North Branch and Central Branch of Onancock Creek (Figure 5). The data are shown in 
Figure 16. Although the data were collected in the fall, most values ( 8  of 9) exceed 20 
pg/L for station VNB in North Branch. While for station VCB, two-thirds of the samples 
are below 20 pg/L. Moreover, two grab samples collected in summer 2004 at stations 
VNB and 7-ONB000.56 were surprisingly high, with Chl-a concentrations more than 700 
pg/L. These data strongly suggest that, in North Branch, the large diurnal DO variations 
were actually caused by high primary production.
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DO
TM
The intensive DO data collected by the Hydrolab deployed in North Branch in 
summer 2004 was mentioned earlier. Figure 17 shows the data collected for both Central 
and North Branches during a later period. The DO condition in North Branch, which is 
characterized with a high diurnal swing as well as frequent low values (<4 mg/L), is 
significantly worse than that in Central Branch. Though some data were collected in 
December, hypoxia still occurred in North Branch.
ni-2. Comprehensive numerical modeling system approach
In this study, a system of numerical models was used to simulate the loadings of 
OC and nutrients from the watershed, and the resulting response of in-stream water 
quality variables in Onancock Creek. The modeling system (Figure 18) consists of two 
individual models: the watershed model and the hydrodynamic-water quality model (or 
hydrodynamic-eutrophication model). The LSPC program was selected as the watershed 
model to simulate the watershed hydrology and nonpoint source pollutant loads for 
Onancock Creek. The hydrodynamic-water quality model of HEM-3D was used to 
simulate the hydrodynamic characteristics and the resulting water quality. A short 
description of these two models is given below.
A. Watershed model
The LSPC model is a stand-alone, PC-based watershed modeling program 
developed in Microsoft C++ (Shen et al., 2005). It includes selected Hydrologic 
Simulation Program FORTRAN (HSPF) algorithms for simulating hydrology, sediment, 
and general water quality on land as well as a simplified stream transport model (US EPA, 
2004). It is derived from the Mining Data Analysis System (MDAS), developed by EPA 
Region 3, and has been widely used for watershed modeling and total maximum daily 
load (TMDL) development (US EPA, 2001a,b; Shen et al., 2002a,b). Like other 
watershed models, LSPC is also precipitation-driven and requires necessary 
meteorological data as model input.
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A key feature of LSPC is that it uses a Microsoft Access database to manage 
model-related data and parameters. The user can easily modify the dataset, extract model 
parameters, prepare model inputs, and conduct comprehensive analyses of data and 
model results. The model also contains a module to assist in TMDL calculation and 
source allocations (US EPA, 2004). The text-format output of LSPC can be easily 
processed and linked to the receiving hydrodynamic-water quality models such as the 
Tidal Prism Water Quality Model (TPWQM) (Kuo and Park, 1994) and HEM-3D.
In this study, LSPC was configured for the Onancock Creek watershed to 
simulate it as a series of hydrologically connected subwatersheds which contribute loads 
and freshwater to various lengths of the listed reaches. The model setup involved 
subdivision of the Onancock Creek watershed into modeling units and continuous 
simulation of flow and water quality for these units using meteorological, land use, and 
stream data (US EPA, 2001c). In the Onancock Creek watershed, the only permitted 
point source is the WWTP that directly discharges to the Creek. Therefore, LSPC was 
used to simulate the freshwater discharge and its associated nonpoint source pollutants. 
The simulated freshwater flow and pollutant (N, P, and OC) loadings for each 
subwatershed are fed into the adjacent HEM-3D segments and further drive the HEM-3D 
simulation.
In simulating nonpoint source pollutants from the watershed, LSPC uses a 
traditional buildup and washoff approach. Pollutants from various sources (fertilizer, 
atmospheric deposition, wildlife, etc.) accumulate on the land surface and are available 
for runoff by rain. Their output from the watershed can be represented with buildup and 
washoff processes. The portions contributed by the interflow and groundwater are also 
modeled in LSPC by multiplying the flow rates with user-provided pollutant 
concentrations for each land use category. Pollutant loadings from these three portions of 
surface runoff, interflow, and groundwater outflow combine together and form the final 
loading output from LSPC. In summary, nonpoint sources from the watershed are
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represented in the model as land-based runoff from the land use categories to account for 
their contribution to form loadings within the watershed (US EPA, 2001c).
In this study, accumulation rates (ACQOP, units in lbs/acre/day) can be calculated 
for each land use based on all sources contributing nutrients to the land surface. For 
example, the cropland receives nutrients from fertilizer and manure applications, 
atmospheric deposition, and feces of wildlife; the accumulation rates can be derived by 
summarizing all these sources together. The other two major parameters governing water 
quality simulation, the maximum storage limit (SQOLIM, units in lbs/acre/day) and the 
washoff rate (WSQOP, units in inches/hour), were specified by the user and further 
adjusted within the model recommended ranges during the model calibration. WSQOP is 
defined as the rate of surface runoff that results in 90% removal of pollutants in one hour. 
The lower the value, the more easily washoff occurs.
B. Hydrodynamic-water quality model
The HEM-3D model is a real-time hydrodynamic-water quality model that 
simulates both the physical transport and water quality processes by using efficient 
numerical solution routines to improve the accuracy and efficiency of model applications. 
It simulates density and topographically-induced circulation as well as tidal and wind- 
driven flows, and spatial and temporal distributions of salinity, temperature, and 
suspended sediment concentrations, and conservative tracers. It also simulates the spatial 
and temporal distributions of water quality parameters (21 state variables) including DO, 
suspended algae (3 groups), various components of the C, N, P, and silica (Si) cycles, and 
fecal coliform bacteria (FCB) (Table 3). The sediment process model, upon receiving the 
particulate organic matters (POM) deposited from the overlying water column, simulates 
their diagenesis and the resulting fluxes of inorganic substances (N H /, NO3', PO43', and 
Si0 3 2  ) and SOD back to the water column (Table 4). The coupling of the sediment 
process model with the water quality model not only enhances the predictive capability 
for water quality parameters, but also enables simulation of the long-term changes in 
water quality conditions in response to changes in nutrient loadings. The model has been
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applied to a wide range of environmental studies in the Chesapeake Bay and other 
systems (Kuo et al., 1996; Kim et al., 1998; Shen et al., 1999; Tetra Tech, 1999; Kim et 
al., 2 0 0 0 ).
Water quality model state variables and their symbols are listed in Table 3. The 
kinetic processes included in the water quality model are mostly from the CE-QUAL- 
ICM model (Cerco and Cole, 1994) and are also documented in the manual by Park et al. 
(1995b). A diagram of model state variables and their interactions is presented in Figure 
19.
The setup of the HEM-3D model for Onancock Creek involves several steps. The 
first step is the model grid generation. In order to fit the complex shape of Onancock 
Creek and to maintain a high efficiency for long-term simulation, the entire Creek was 
represented by a varying-size curvilinear orthogonal grid from the mouth to the heads of 
its three branches. Therefore, the open boundary conditions can be specified at the mouth. 
The freshwater discharge and pollutant loading input from each subwatershed of LSPC 
can be fed to its adjacent HEM-3D grid cells.
III-3. Numerical modeling system setup
A. Watershed model
Watershed delineation
The Onancock Creek watershed was delineated into 33 subwatersheds (Figure 20) 
based on the USGS 30-m Digital Elevation Model (DEM) and topographic maps. High- 
resolution aerial photographs also served as important guidelines for those areas where 
surface elevation data were not sufficient to support delineation. Land use for each 
subwatershed was calculated in GIS based on the high-resolution aerial photograph and a 
30-m USGS National Land Cover Data (NLCD). The results are shown in Figures 21 and 
22. It can be seen that the land uses of the entire watershed are dominated by forest (38%) 
and cultivated land (cropland) (30%). For each subwatershed, a representative stream was
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selected to construct the reach network that hydrologically connected the subwatersheds 
together (Figure 20). Finally, land use data and reach network information were saved 
into LSPC’s Access database as the model input.
Sources assessment
As mentioned earlier, the pollutant loading output from LSPC consists of three 
parts: surface runoff, interflow, and groundwater. The specification of ACQOP of N and 
P for each land use category was calculated on the basis of all available field survey data, 
with US EPA recommended loading production rates. While for OC, because it is also a 
naturally-occurring pollutant on land, the accumulation rates were estimated based on the 
empirical information (Cerco and Noel, 2004), not the field survey data. For the pollutant 
concentrations in the groundwater, the data from Cherrystone Inlet (Reay, 1996) were 
used. Table 5 summarizes the estimated nonpoint source distributions for each sub-area 
(Figure 23) of the Onancock Creek watershed.
Meteorological data
Meteorological data provide the driving force of watershed models. The LSPC 
model requires hourly meteorological data as model input (e.g., precipitation (PREC) and 
potential evapotranspiration (PEVT)). In this study, weather data for the period of 1984 
to 1999 were obtained from the Chesapeake Bay Program. Later than that, data sources 
included the Chesapeake Bay National Estuarine Research Reserve’s (CBNERR) weather 
station at Cherrystone Inlet, the National Oceanic and Atmospheric Administration’s 
(NOAA) weather station at Painter, and the Onancock WWTP. These stations (Figure 24) 
are all located along the VA Eastern Shore, in the same hydrographic region as the 
Onancock Creek watershed.
B. Hydrodynamic-water quality model
Model grid generation
There are a total of 363 curvilinear orthogonal grid cells in the horizontal plane 
that covers the whole modeling domain of Onancock Creek (Figure 20). To improve the
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orthogonality, the grid was generated with the aid of AutoCAD based on the most current 
shoreline data from the Virginia Department of Health (VA DH). Because of the poor 
resolution of NOAA’s bathymetry data for the three head branches, VIMS did a field 
survey in 2004. The surveyed bathymetry data were thereby used as an important 
supplement to that from NOAA.
Meteorological data
The HEM-3D model requires even more meteorological data than LSPC as model 
input, e.g. wind, atmospheric pressure, solar radiation, air temperature, humidity, and 
cloud cover. In this study, meteorological data from the CBNERR weather station at 
Cherrystone Inlet were used as the major data source. The data gaps were made up by 
other sources described earlier in the watershed model portion.
External loads
The HEM-3D model receives both freshwater and pollutant load input from the 
WWTP and LSPC. For the WWTP, daily flow rates obtained from its DMR were used. 
For the period when daily flow records were not available from its DMR, the designed 
discharge capacity of 250,000 gallons/day was used. The daily pollutant loads were 
calculated by multiplying the daily flow rates with the averaged effluent water quality in 
Table 1. The final results of loading are shown in Table 7. Daily output from LSPC for 
each subwatershed was processed and assigned to its adjacent HEM-3D cells. Because 
LSPC only simulates total nitrogen (TN), total phosphorus (TP), and total organic carbon 
(TOC), the loading for each pollutant was further split into several sub-species. For 
example, TOC was split into refractory particulate, labile particulate, and dissolved 
organic carbon based on certain ratios. These ratios were empirical values that were 
derived from the Chesapeake Bay Program and other eutrophication modeling 
applications in the Bay area. The final values were also adjusted during model calibration. 
Figures 25-27 summarize the external loads of year 2004 for each sub-area shown in 
Figure 23. The details on loading calculations and comparisons will be described in 
Chapter IV.
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Initial conditions
In this study, a typical set of parameters that originated from the Chesapeake Bay 
Eutrophication Model (Cerco and Cole, 1994; Park et al., 1995b) was initially used for 
the model setup. Most of these kinetic parameters were used without any modification. A 
few key model parameters were further calibrated during model calibration processes. 
The literature values (Johnson et al., 1985; Thomann and Mueller, 1987) were used as a 
guideline so that calibrated kinetic parameters were within the accepted ranges.
The sediment diagenesis model was coupled with the water column water quality 
model to simulate nutrient exchanges on the water-sediment interface. Because of the 
relatively longer time scales involved in kinetic processes occurring in benthic sediments, 
the effects of initial conditions in the sediment model persist longer for sediment state 
variables than for water column state variables. In theory, the initial conditions should 
reflect the past history of the depositional fluxes and overlying water column conditions 
(Liu, 2002). In practice, no such data exist for the earlier years. Initial conditions hence 
are derived from a “stand-alone” application of the model, as suggested in DiToro and 
Fitzpatrick (1993). The model was run iteratively for 5 years using nutrient loads from 
the year 2004. The model results at the end of the fifth year were used as the initial 
condition for model simulation. It was found that, after 5 years of iterative simulation, the 
water quality concentrations in the sediment bed approached a dynamic equilibrium.
Boundary conditions
To simulate hydrodynamics and water quality processes in Onancock Creek, open 
boundary conditions were specified at the mouth of the Creek. Currents and surface 
elevation changes of the Creek are mainly caused by astronomical tide and wind-induced 
surface fluctuations in the Chesapeake Bay, whereas the tide is the dominant forcing that 
acts on the Creek from its mouth. Since there was no tidal gage available near the river 
mouth, tidal constituents obtained from another 3-D hydrodynamic model of the 
Chesapeake Bay developed at VIMS were used to specify the surface elevation boundary
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conditions. Eight tidal constitutents (Ki, Oi, Pi, Qi, M2 , S2 , K2, and N2 ) were employed to 
assure accurate representation of tidal characteristics at the open boundary. For salinity, 
temperature, and other water quality state variables, the observation data at the open 
boundary were not available. Therefore, the monthly concentrations at the stations near 
the mouth, and the data obtained from the Bay monitoring station in the main stem, were 
compiled and used as open boundary conditions. Model sensitivity tests showed that the 
water quality model was more sensitive to nutrient loadings from the upstream than from 
the open boundaries. Therefore, it is reasonable to use the monthly mean concentrations 
to force the model at the open boundaries.
C. Numerical experiment design
After the comprehensive numerical modeling system had been successfully set up 
and calibrated, a series of model sensitivity analyses were undertaken on the basis of the 
calibrated baseline scenario. Firstly, in order to evaluate the relative importance of point 
source, nonpoint source, and sediment to the hypoxia-related eutrophication process in 
North Branch, several sensitivity tests were designed accordingly to address their 
individual contributions. Secondly, to determine whether or not the water column 
stratification induced by elevated freshwater input during storm events can result in an 
even worse DO condition for the bottom water, a scenario addressing the physical mixing 
effect was undertaken. Lastly, for the purpose of TMDL development, several 
representative scenarios were carried out. The designed numerical experiments are 
summarized as follows:
1. Scenario 1: Point source contribution to hypoxia. The calibrated HEM-3D model 
was run with the complete removal of point source to test the resulting response 
of water quality variables (especially DO). The relative importance of point 
source was evaluated.
2. Scenario 2: Nonpoint source contribution to hypoxia. In this scenario, nonpoint 
source loadings were reduced 80% (since a 1 0 0 % reduction is unrealistic) to test
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how water quality variables were affected. Therefore, the relative importance of 
nonpoint source could be assessed.
3. Scenario 3: Sediment contribution to hypoxia. The HEM-3D model was run 
starting with a clean sediment condition. By evaluating how water quality 
variables and SOD in the sediment were affected, the contribution of sediment to 
hypoxia was understood.
4. Scenario 4: The effect of stratification to hypoxia. Although persistent 
stratification in the water column is impossible, short-term stratification following 
a rainfall event can potentially result in a serious hypoxia problem for the bottom 
water. Therefore, in this scenario, by artificially adjusting both the background 
viscosity and diffusivity values in the model, the resulting responses of salinity 
and DO could be evaluated.
5. Scenario 5. Based on above sensitivity analyses, the individual contribution to the 
hypoxia problem in North Branch from both point and nonpoint sources, as well 
as the sediment has been examined. A series of numerical experiments were thus 
used to find feasible solutions:
a) Change of the WWTP’s outfall location. By moving the plant outfall 
location further downstream to the main stem from its original location at 
the head of North Branch, HEM-3D was run to see if the hypoxia problem 
in North Branch could be effectively alleviated.
b) Reduction of both point and nonpoint sources simultaneously. Since the 
hypoxia problem still existed in scenario 5a, a 60% reduction of nonpoint 
source along with the implementation of the new effluent standard for the 
point source was tested.
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IV. RESULTS
IV-1. Modeling system calibration and verification
A. Watershed model
Hydrology
The hydrology calibration was performed prior to water quality calibration. The 
calibration process involved adjustment of the model parameters used to represent the 
hydrologic process until acceptable agreement between simulated flows and field 
measurements was achieved. Since there was no USGS gage or any other continuous 
flow records available in the Onancock Creek watershed, a reference watershed approach 
was used to derive the required model parameters for Onancock Creek. The USGS Gage 
01484800 in Guy Creek near Nassawadox, VA (Figure 24), which is located 20 km to the 
south of Onancock Creek, was used to calibrate the model. The derived parameters were 
further verified with the local flow data collected by VA DEQ in the Onancock Creek 
watershed before they were applied to this study. Figure 28 shows the cumulative 10-year 
daily stream flow frequency comparison between model prediction and field 
measurements collected at the USGS gage. Figure 29 shows two time series comparisons 
for the years 1993 and 1994, respectively. It can be seen that LSPC successfully 
reproduced the observed hydrograph by capturing both the base and peak flows. The 10- 
year water budget comparison also suggests that the model is very stable in maintaining a 
long-term balance of hydrologic simulations, and thus is capable of carrying out long­
term simulations.
In 2003 and 2004, VA DEQ collected a few discrete flow measurements in the 
freshwater portion of North Branch. These data were thereby used to verify the calibrated 
model parameters. The results are shown in Figure 30. Both the time series and 
scatterplot comparisons indicate that the model parameters derived from the reference 
watershed worked well in the Onancock Creek watershed. Lastly, the success of the 
hydrologic simulation also provided a solid basis for later water quality calibration.
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Water quality
Due to the lack of field water quality data in the Onancock Creek watershed, an 
inverse calibration approach had to be used. The initial loading output from LSPC for 
each subwatershed, which was generated with default model parameters and the surveyed 
nutrient source information shown in Table 5, along with the previously calculated point 
source loading, was fed into HEM-3D and drove its simulation. Once the water quality 
model calibration had been completed independently, the feedback information was used 
as an important guideline for the water quality calibration of LSPC. The two major 
parameters in the LSPC model, SQOLIM and WSQOP, which affected loading 
simulation behavior most, were adjusted accordingly until a satisfactory agreement 
between the modeled output and the feedback information from HEM-3D was achieved.
Figures 25-27 show the LSPC simulated nonpoint source loadings for each sub- 
area shown in Figure 23 and the comparison with other sources. Because all three 
branches are located in the same region, the loading export rates for the same land use 
category of each branch should not vary significantly. Moreover, land use constituents for 
each branch are quite similar, as shown in Table 6 , except that Central Branch is 
relatively more urbanized. Therefore, the nonpoint source loading for each branch was 
largely determined by the magnitude of its total drainage area. As can be seen from 
Figure 25, North Branch receives as comparable an amount of nonpoint source loadings 
as the other two branches as well as the additional amount of nutrient loadings from the 
WWTP (Table 7). A simple calculation indicates that the WWTP contributes almost the 
same amount of N as that exported from nonpoint sources during dry periods, but more 
than 10 times the amount of P (Figure 27). The results are also consistent with other 
studies in the Chesapeake Bay region (e.g., Pionke et al., 2000).
B. Hydrodynamic-water quality model
Hydrodynamics
The tide propagation in the Creek is controlled by Creek geometry and frictional 
dissipation of energy. The bottom friction is represented by the bottom roughness, a
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specified model parameter, which was calibrated during tide calibration. Since there was 
no real tidal observation data available in the Creek, the model calibration for surface 
elevation was conducted by comparing the model result with the NOAA predicted 
astronomic tide. The location that has predicted tide information by NOAA is located at 
the junction (37° 43', 75° 45') of North and Central Branches. The bottom roughness was 
adjusted so that the model predictions match the NOAA tidal predictions. The calibration 
period was selected to be from 9/1/2004 to 10/31/2004. In general, 29 days are needed for 
tidal calibration so that the model can simulate the spring-neap tidal variation in the 
Creek. The second month’s simulation served as model verification. It can be seen that 
the model simulated the astronomical tide well inside the Creek (Figure 31).
Once the model was calibrated for the tide, the next step was to calibrate salinity 
and temperature. For salinity calibration, the long-term VA DEQ bimonthly observed 
data were used. The simulated daily flows from LSPC, and daily discharge from the 
WWTP, were fed into HEM-3D. The model was run from 1/1/1999 to 4/15/2002 and the 
calibration results are shown in Figure 32. It can be seen that the model captured the 
general trend of salinity variation for the 3-year period. Based on the model results, 
salinity inside the three head branches is much more sensitive to the freshwater discharge 
than that in the main stem. Especially for the two stations in North Branch, the large 
variations of salinity reflected the effects of freshwater input from both the WWTP and 
watershed, which were also consistent with the field measurements. The short-term 
model verification results of salinity (Figure 41) indicated that the model was able to 
catch the general trend of salinity variations in a short time scale, but was not as sensitive 
as the real data suggested. This is because, in the current model, freshwater output rates 
from LSPC were in daily intervals. The high-frequency salinity variations shown in field 
data have been smoothed out during the simulation of HEM-3D. Lastly, the results of 
salinity simulation did indicate that North Branch is highly dynamic due to the variations 
of hydrological conditions.
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Water temperature represents one of the most important physical characteristics of 
surface water systems. It affects both hydrodynamic and biochemical processes. To 
simulate temperature, the model was forced by meteorological data. Figure 33 shows the 
model calibration results. Comparing model results to observations, one can see that the 
model simulated the temperature well by successfully catching the seasonal variations for 
all the stations. However, a close look at the short-time verification (Figure 41), the 
results suggested that based on existing input, the model could not fully catch the fine- 
scale temporal variations.
Water quality
The calibrated hydrodynamic sub-model of HEM-3D was run to drive the water 
quality model simulation. Because no detailed algae species information was available at 
the time of the model setup, all three algae species (cyanobacteria, green algae, and 
diatoms) were simulated. The bimonthly field data from VA DEQ provided a long-term 
basis for water quality calibration and were thereby used for model calibration. Since DO 
was the primary concern of this study, the intensive measurements collected by VIMS in 
2004 were used for DO verification.
The overall long-term water quality calibration results were satisfactory (Figures 
34-40). For station 7-ONB000.38, the model results seem to under-predict the field data.
It must be considered that the field data were collected near the WWTP’s outfall, while 
the model results were the averaged concentrations for that entire grid cell. Furthermore, 
due to the small scale of North Branch and the entire Onancock Creek, nutrient 
concentrations in the water column are extremely sensitive to external input.
Qualitatively, a sudden peak nutrient concentration often suggests that a rainfall event 
occurred during an earlier period, while smaller values (higher than the detection limits) 
usually represent the background levels. The nutrient concentrations in the water column 
are the product of several processes, which include the external input from both point and 
nonpoint sources, the recycling within the water column and from the sediment, as well 
as exchanges with adjacent waters. All these processes can interact with each other and
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are finally regulated by the phytoplankton uptake. Hence, it is very important for the 
model to capture the general trends and distributions of field measurements. It can be 
seen, except for ON, HEM-3D was able to catch the long-term variations of most water 
quality variables. Table 8  summarizes the statistical analyses for the calibration results of 
selected HEM-3D state variables. The explanations of the statistical methods used in 
Table 8  are given in Appendix B.
For the verification of DO, the model was run from 1/1/2004 to 10/31/2004 using 
the calibrated model parameters. A comparison between model results and field 
measurements is shown in Figure 41. It can be seen that the model successfully simulated 
the large diurnal DO swing in North Branch and the prolonged DO sag during storm 
events.
IV-2. Model sensitivity analyses
Sensitivity analysis is the study of how the variation in the output of a model can 
be attributed, qualitatively or quantitatively, to different sources of input. It can be used 
to ascertain how a given model output depends upon the input parameters and thereby 
can be used to increase one’s confidence in the model and its predictions. From an 
analytical point of view, it is important to determine the impact of changes in the key 
variables on the desired outcomes.
The DO distribution and the hypoxia observed in Onancock Creek has been 
characterized by two distinct patterns: (a) a large diurnal variation of DO during normal 
calm weather conditions; and (b) a prolonged DO sag during and following rainfall events. 
In the hypotheses, it was proposed that hypoxia in North Branch was ultimately caused 
by excess nutrients input from both point and nonpoint sources. The enrichment of 
nutrients in North Branch led to eutrophication in summer months, which subsequently 
manifested as hypoxia. Therefore, the continuous nutrient supply from the combination 
of both point and nonpoint sources during dry periods can be important sources to algal 
production in North Branch under normal conditions.
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Alternatively, storm waters contribute an even larger portion of total nutrients to 
North Branch. However, part of what cannot be utilized within North Branch by 
phytoplankton due to the higher flushing rate and light limitation during the storm period. 
The large amount of OC input (Figure 26) during storm events by surface runoff can 
contribute to the development of the prolonged DO sag. Anderson and Bosco (1981) 
found that in the Ware River, a small coastal plain estuary in the Chesapeake Bay, low 
DO concentrations (<5 mg/L) appeared following the onset of 0.5 inches of rainfall in the 
headwaters, and two successive storms could cause a decrease in DO of more than 3 
mg/L. Their findings are consistent with both the field measurements and model results 
for Onancock Creek. Therefore, the results of model sensitivity analyses are extremely 
important in testing the hypotheses.
Based on the model calibration results described in the first section of this chapter, 
it was demonstrated that the coupled hydrodynamic and water quality models were 
capable of capturing the essential dynamics. In order to further understand what and how 
specific processes contribute to the hypoxia in North Branch, it is desirable to conduct 
sensitivity analyses using the calibrated hydrodynamic-water quality model. The three 
key processes that were considered important for the sensitivity analyses are:
1. Point and nonpoint source nutrient loadings.
2. Sediment-originated nutrient fluxes and SOD.
3. Water column stratification during rainfall events.
A summary description of the numerical experimental designs was given in 
Chapter III. The following sections contain the details.
A. Sensitivity analysis of point and nonpoint source nutrient loadings
The nutrient loadings from point and nonpoint sources were identified as the 
major cause of the low DO that occurred in Chesapeake Bay (US EPA CBP, 1982).
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Using a three-dimensional water quality model response to watershed loading, Thomann 
et al. (1994) developed a relationship between the “anoxic volume day” and the point and 
nonpoint loadings. They suggested that a feasible nutrient reduction of about 20-30% on 
both point and nonpoint sources could result in a 0.2-0.4 mg/L improvement of DO in the 
main stem of the Bay. Hagy and Boynton (2000) also found that the extent of hypoxia in 
the Bay tributaries was positively correlated with the terrestrial nitrogen loading.
The nutrient reduction strategy for Onancock Creek was comprised of reducing 
percentages of TOC, TN, and TP from the existing loads. These reduced loads were then 
used as the input to HEM-3D and drove the scenario runs. The resulting responses of DO 
(all three vertical layers in the model) and the other major water quality state variables 
(Chl-a, BOD5, NO3 ', and PO4 3', vertically averaged) at station 7-ONB000.20 were 
compared with those of the calibrated baseline scenario to see how they were affected 
accordingly. Therefore, the individual contributions from various sources were examined. 
In this study, the year of 2004 was selected to perform model sensitivity analyses. For 
each scenario, the model was run for the period of 1/1/2004 to 10/31/2004 and the results 
for the existing condition are shown in Figures 43 and 44. An instantaneous minimum 
DO standard of 3.2 mg/L (US EPA CBP, 2003), which is designated for shallow waters 
in the Chesapeake Bay region, was selected as the criteria to quantify the frequency of 
DO violations for each scenario (see Appendix C for details).
As mentioned in Chapter IB, the two scenarios concerning the reduction of 
nutrient loading are as follows:
1 . 1 0 0 % reduction of point source loading.
2 . 80% reduction of nonpoint source loading.
The DO simulation results for scenario 1 are presented in Figure 44. Compared 
with the results of the existing condition (Figures 42 and 43), for all three layers, the DO 
diurnal variations were somewhat reduced, presumably due to the reduction of
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phytoplankton biomass. For the bottom DO, the frequency of occurrence for hypoxia was 
decreased slightly, but the improvement of actual DO concentrations was rather modest 
(in the range of 0.2-0.5 mg/1). This is due to the fact that the magnitude of the point 
source loading in Onancock Creek is much smaller compared to nonpoint source loading, 
especially for TOC (3 orders of magnitude smaller) and TN (75% smaller). However, the 
PO^'concentrations during dry periods decreased substantially (Figure 45). This is not 
surprising since the point source served as the major source of P during dry periods. The 
result from scenario 2  with an 80% reduction of nonpoint source loading showed much 
better improvement of DO for all three layers (Figure 46). The improvements include the 
decrease of frequency as well as duration of the occurrence for the low oxygen conditions. 
Furthermore, the minimum DO bottom concentration was improved by approximately 1- 
2 mg/L. The remarkable effects of nonpoint source reduction can be found for other 
water quality variables in Figure 47 as well. It is because the reduction of nonpoint 
sources not only decreases the nutrient loadings for N and P, but also significantly 
reduces the TOC input. As a whole, the above analyses showed that the hypoxia indeed is 
sensitive to both the point and nonpoint source loadings; however, the nonpoint source 
has a far greater impact on the bottom oxygen level than the point source alone.
B. Sensitivity analysis to sediment nutrient fluxes and SOD
Interaction between sediment and the water column involves exchanges of oxygen, 
nutrients, and OM. As discussed in the previous chapters, most of the dissolved nutrients 
are introduced into the water column through terrestrial runoff. The nutrients are then 
taken out of solution and incorporated into a growing phytoplankton biomass. A 
significant portion of this phytoplankton biomass settles, either as intact cells or in 
various stages of decomposition, and eventually reaches the sediment. At the bottom 
sediment, most OM is then consumed by bacteria and other benthic organisms. The 
feeding is accompanied by the consumption of oxygen and the formation of inorganic 
nutrients. The remineralized nutrients in the sediment are released back to the overlying 
water where they may mix upwards into the euphotic zone of the water column to support 
additional phytoplankton production.
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The consumption of DO by the oxidation of OM that settles in the sediment is 
considered by many as one of the key processes contributing to the formation of bottom 
hypoxia (Kemp and Boynton, 1992). For Onancock Creek, we are considering a question 
by the sponsor regarding how to manage the sediment properly. That is, if the bottom 
sediment is the root cause for the formation of hypoxia, should the regulatory agency 
consider dredging or capping the sediment as a management practice?
With this question in mind, a sensitivity analysis addressing the sediment was 
constructed. The change of initial condition from the equilibrium sediment nutrient 
concentrations to zero is equivalent to a 1 0 0 % reduction of both the sediment nutrient 
loading and TOC. Given these new initial conditions, the model was simulated for 
multiple years continuously, and the results of the first year are shown in Figures 48 and 
49. The first year results show that DO conditions are indeed improved for all three layers. 
The improvement of the bottom DO was quite substantial at about 2-3 mg/L, which is 
comparable to the 80% reduction of nonpoint source in Onancock Creek. Although the 
first year’s DO improvement seems remarkable, after the first year, the DO condition 
becomes degraded again. After reaching the third year, the bottom DO had returned to the 
hypoxic condition similar to the existing condition. In other words, the improvement by 
providing initially clean sediment conditions cannot be sustained. This is because the 
point and nonpoint source loadings were still active at all times, and they become the 
source for the contamination of the initially clean sediments after the first year. Therefore, 
a scenario of only dredging or capping the sediment one time cannot provide a permanent 
solution to the restoration if it is not accompanied by the reduction of the point and 
nonpoint source loadings simultaneously.
As mentioned earlier, high SOD resulting from the decay of OM in the sediment 
might be another key factor contributing to hypoxia. Based on the model results of SOD 
shown in Figures 50-53, for both the existing condition and this new scenario, the CSOD 
in North Branch during summer time is close to 4 g 0 /m 2/d for the existing condition. For
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the new scenario starting with a clean sediment condition, the CSOD can quickly increase 
to 2 g O/m /d from the zero at the beginning. If we take the NSOD into consideration as 
well, which is approximately 0 . 2  g 0 /m2/d for both scenarios, we are fairly confident that 
the averaged SOD level during the summer months for the existing condition is on the 
order of 4 g 0 /m 2/d. Compared with the normal values of 1-4 g/m2/d (Thomann, 1971; 
Cerco, 1985) for most coastal waters, one can see that SOD did play an important role in 
contributing to the hypoxia.
C. Sensitivity analysis to water column stratification
The depletion of oxygen developed in the bottom waters is a result of the 
interplay between consumption and supply processes. High levels of OM in the water 
column and sediment decompose, and, in the process, consume large amounts of DO. At 
the same time, DO from the atmosphere and from phytoplankton photosynthesis in 
surface waters is mixed downward to replenish oxygen levels in bottom waters. When 
stratification exists, mixing is inhibited by the difference of salinities in the surface and 
bottom layers and thus results in a deficiency for supplying oxygen to the bottom waters.
Shallow fringing systems are often subject to locally high rates of nutrient input, 
and upper reaches of these systems may have reduced rates of flushing due to 
topographic constrictions. The shallow depths lead to increased benthic-pelagic coupling 
and make sediments play a larger role in consuming oxygen. These systems are also 
immediately adjacent to inputs of freshwater through both streams and groundwater and 
respond rapidly to rainfall events. The observed intermittent salinity stratification in 
response to rain storms, and the accompanying development of hypoxia in the bottom 
layer, has been reported by Granger et al. (2000) and D'Avanzo and Kremer (1994).
In Onancock Creek, it was observed that during rainfall events, the bottom DO 
concentration quickly dropped and hypoxia occurred. The cause of this drop of DO 
concentration can be attributed to one or a combination of several factors, such as light 
limitation, higher OM loading, or increased stratification. Among them, the stratification
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that was built up during the rainfall event in the water column presents a credible 
possibility to explain the DO sag phenomena. Although persistent stratifications in North 
Branch are unlikely to exist due to the shallowness, a temporal stratification can still 
occur frequently. The SOD is always a strong DO sink in shallow waters by acting on the 
water column through upward diffusion. It can be imagined that even a few days’ 
stratification, which may be induced by increased freshwater input, can have a strong 
effect on bottom DO concentrations.
In this study, the HEM-3D model utilized a two-equation turbulence closure 
model that is capable of calculating the turbulent mixing in the stratified condition; in 
addition, the water column was represented as three vertical layers and thus has enough 
resolution. Therefore, it is possible to use the numerical model to test the sensitivity of 
oxygen variation to the vertical stratification.
It can be seen from the short-term salinity calibration (Figures 41 and 54), 
between 7/24/2004 and 8/6/2004, there were several rainfall events, which resulted in a 
substantial reduction of salinity for a period of two-and-a-half weeks. In Figure 54, the 
top panel shows that the model-simulated surface salinity compared very well with the 
field data. The second panel shows the salinity distributions for all three layers (surface, 
middle, and bottom) over the same calibration period. It is noticeable that the salinity was 
stratified (i.e., fresher at the surface and saltier at the bottom) during rainfall periods. The 
third panel shows the result of the scenario run in which the background mixing 
coefficients were artificially increased from 10' 6  m2/sec to 10"5 m2/sec. The outcome was 
a well-mixed vertical salinity profile.
Corresponding to the salinity profile is the oxygen profile simulated during the 
same period, as shown in Figure 55. The top panel is the simulated surface oxygen 
(which was calibrated against the field data and shown in Figure 41). The second panel 
shows the DO at the middle layer. As one can see, the oxygen was somewhat lower, 
especially during the rainfall period. This is because the stratification of salinity inhibits
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the vertical mixing and, at the same time, reduces the vertical exchange of oxygen from 
the top to the bottom. The third panel is the oxygen profile corresponding to the well- 
mixed salinity profile in which the vertical mixing coefficient was increased. During the 
rainfall events between 7/27/2004-8/06/2004, when the vertical mixing increased, the 
stratification decreased and the oxygen concentration increased. This provides solid 
evidence that when the stratification was setup during the rainfall, the DO level decreased 
because the vertical mixing was reduced. In the real environment, this physical process 
could potentially couple with other biochemical processes to cause the hypoxia to occur.
Lastly, Figure 60 summarizes the efficiencies of these three sensitivity tests on the 
improvement of oxygen levels based on the DO criteria of 3.2 mg/L. It can be seen that 
the reduction of nonpoint sources seems to be most efficient.
IV-3. TMDL applications
Although coastal hypoxia may result from the combination of both physical 
processes and the overabundance of external nutrients, the strategy of nutrient reduction 
is more practically feasible. Based on the current understanding of the causes and 
mechanisms of the hypoxia in North Branch, some possible solutions were subsequently 
tested through a series of numerical experiments. As they were not the major objective of 
this study, only those approaches that were more scientifically meaningful are 
summarized below.
A. Change of WWTP’s outfall location
Ocean dumping has been a traditional waste disposal approach for a long time.
The selection of disposal location is the key point that requires a thorough understanding 
of major physical and biological processes, which ultimately determine the transport and 
removal of pollutants from the waterbody. Although most WWTPs nowadays have 
secondary or even high-level facilities that do not discharge high BOD5 effluent, high- 
nutrient effluent is still common for some small plants. The nutrient-enriched effluent can
35
finally lead to hypoxia by stimulating excess algae production in a poorly flushing 
environment. Specifically for Onancock Creek, the final outfall of the WWTP should be 
moved further downstream to allow for a better dilution and flushing effect rather than be 
located at the head of North Branch. In this scenario, the outfall location was moved to 
the upper portion of the main stem that is near the mouth of North Branch. The model 
was run from 1/1/2004 to 10/31/2004 and the results are shown in Figures 56 and 57. It 
seems that the change of outfall location did help to improve DO in North Branch 
somewhat. The results for DO and other water quality variables are very similar to those 
in Scenario 1 with a 100% reduction of point source. Because the point source is not a 
major source of nutrients and TOC in Onancock Creek, their effects are therefore not so 
dramatic.
B. 60% reduction of nonpoint source + new point source effluent standard
The WWTP is expected to upgrade its facility to accommodate a new effluent 
standard that requires a high-level treatment for the wastewater. The new effluent 
standard has specific concentration limits for N and P discharge, which are 4 mg/L and
0.3 mg/L, respectively. Also, based on the aforementioned sensitivity analyses for both 
point and nonpoint sources, it can be seen that the point source is not the dominant 
nutrient source for North Branch. Hence, a nonpoint source reduction in conjunction with 
the new point source standard is needed for controlling the hypoxia. For practical 
application, a feasible solution also needs to consider controllable versus non-controllable 
issues. Thus, a more feasible scenario was constructed specifying a 60% reduction of 
nonpoint source loading along with the new point source effluent standard. The results 
are shown in Figures 58 and 59. One can see that the DO conditions are significantly 
improved in this scenario. Also, a continuing second year simulation shows that the 
hypoxia problem for all three layers can almost be eliminated (results not shown here).
Lastly, the efficiencies of these two possible solutions for the alleviation of 
hypoxia were quantified and the results are summarized in Figure 60 as well.
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V. DISCUSSION
V-l. Model performance assessment
The outcome of this research was ultimately relying on the performance of the 
numerical modeling system. Therefore, the performance of the two major numerical 
models employed in this study, the watershed model and hydrodynamic-water quality 
model, are examined in this section.
A. Watershed model
Overall, the hydrology was successfully simulated with LSPC for the Onancock 
Creek watershed. As a precipitation-driven watershed model, the performance of LSPC 
in hydrology simulation is largely determined by the quality of precipitation data. 
However, high-quality precipitation data are usually unavailable for most places except 
for large cities and airports. Therefore, the model results can miss certain peaks in the 
observed hydrograph that are generated by relatively large rainfall events. As a common 
rule, the total amount of freshwater discharge for most watersheds is dominated by base 
flow resulting from the active groundwater outflow. Thus, to maintain a long-term 
balanced water budget, as well as successfully simulate the base flow portion of the total 
runoff, is more important in many cases. Because the total pollutant loading output from 
the watershed is highly correlated (in a positive but nonlinear manner) with the total 
amount of freshwater outflow, i.e., the more rain, the more nutrients are washed off the 
land, a reliable hydrology simulation is thus fundamental to this study.
Although some important field data (e.g., nutrient concentrations in groundwater) 
were not available for Onancock Creek watershed, an iterative inverse calibration 
approach worked well. The calculated loading export rates for N, P, and OC are still 
within the range of those empirical values as well as the results of other studies on the 
Eastern Shore of Virginia (Stanhope, 2003; Ouyang, 2003; ACB, 2005). However, it 
must be noted that the final calibrated loading export rates for the nonpoint sources from
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the watershed were based on the inverse calibration results, which was justified based on 
long-term mass balance between model results and field data.
B. Hydrodynamic-water quality model
The overall long-term calibration results for tide, salinity, temperature, and other 
water quality variables were satisfactory (Figures 31-40). As discussed in the previous 
chapter, due to the small scale of North Branch as well as the entire Onancock Creek, the 
response of water quality variables is extremely sensitive to external forcing. In other 
words, the highly dynamic property of shallow waters has brought more challenges to the 
hydrodynamic-water quality model. Nevertheless, it can be seen that HEM-3D was able 
to catch the long-term variations of most variables for both base and peak values. This 
was reassuring in applying the model to carry on sensitivity analyses for DO.
V-2. A conceptual model - deep versus shallow water oxygen dynamics
As has been discussed in previous chapters, the DO dynamics in shallow coastal 
waters are largely affected by local biological activities. The numerical model results also 
suggested that through the control of external nutrient input, the hypoxia problem could 
be effectively alleviated and resolved in North Branch of Onancock Creek. In the past, 
people have spent a lot of effort studying the bottom water hypoxia for those large 
estuaries such as the Gulf of Mexico (US EPA, 1999) and the Chesapeake Bay (Hagy et 
al., 2004), which have a distinct pattern of low DO from shallow waters. Hence, it is 
interesting to study their differences through simplified conceptual models.
Classic DO budget model for deep coastal waters
Kuo and Neilson (1987) quantitatively assessed the DO budget (Figure 61) for 
several major Virginia estuaries based on a model proposed by Officer et al. (1984), 
which was originally used to describe the development of anoxia in the mid-portion of 
Chesapeake Bay. The governing equation used by Kuo and Neilson is:
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V —  = - B A - k M V  + EA + Q yCs - Q 2C - Q vC (1)
dt d
where C and Cs are the mean DO concentrations in the hypoxic and overlying water 
masses, respectively; V and A are the volume and areal extent of the hypoxic bottom 
water mass; t is time; B is the benthic oxygen demand (same meaning as SOD here) per 
unit area per unit time; M is the total oxygen demand of oxidizable material (or BOD) per 
unit volume; k is the oxidation rate; E is the vertical diffusion coefficient; d is the mean 
distance between the centers of the upper and lower water masses; and Qi, Q2 , Qv are the 
flow rates due to gravitational circulation. Conservation of water mass requires that Qi= 
Q2  + Qv; when this is accounted for and all terms are divided by V, Eq. ( 1 ) can be written 
as:
dC B E Cs — C U / \ /ON
 =  kM + -------------+ — ( C c - C )  (2 )
dt h h d  L s
where h and L are the mean depth and length of the lower water mass, and U is the 
average net upstream velocity in the lower layer. Due to the light limitation in deep 
waters, primary production is very low there. Therefore, in this model, SOD and BOD are 
considered as major sinks of DO for bottom waters, whereas downward diffusion from 
the surface layer and horizontal advection from outside the Bay are considered as the 
sources.
By employing typical values of B (1-4 g/m2/d) (Thomann, 1971; Cerco, 1985), h 
(10 m), M (several mg/L), k (0.1 d '1), E (1 cm2/s) and taking Cs -  C = 4 mg/L (in 
summer time), d = 10m, U = 1 0  cm/s, and L = 30 km into Eq. (2), Kuo and Neilson 
(1987) found that the four terms on the RHS (right hand side) are all on the order of 1 0 1 
mg/L/d. They concluded that variation of one or more of the processes represented in the 
equation could cause a corresponding variation of DO in deep waters. Therefore, 
systematic variations of bottom DO in the lower 30 km reaches of the Rappahannock, 
York, and James estuaries could be quantitatively explained. The hypoxia that frequently
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occurred in both the Rappahannock and the York, but not in the Janies, resulted mainly 
from their difference in the strength of the gravitational circulation (Kuo and Neilson, 
1987).
The above conceptual model can be applied to other deep estuaries as well. But 
for shallow waters, is the same model still valid? Apparently, unlike most deep waters 
where hypoxia only exists in the bottom layer due to high decomposition and poor 
reaeration, the hypoxia in shallow waters can exist throughout the water column. 
Therefore, to qualitatively describe the DO dynamics in shallow waters, more processes 
need to be considered.
Conceptual DO model for North Branch. Onancock Creek
As discussed earlier, because shallowness combined with winds and tides tend to 
mix waters vertically very well, an apparent and prolonged pycnocline is unlikely to 
develop in shallow estuaries. Therefore, in most situations, it is inappropriate to divide 
the water column into two strict vertical layers as can be done for deep estuaries. Based 
on the field data, the hypoxia not only occurred in the deeper portion of North Branch 
(data not shown here), but also in the surface. Furthermore, the intensive DO time series 
shown in Figures 6 , 7, and 17 can be decomposed into two components. The first 
component is the long-term seasonal variation (see Figure 4), and the second is the high- 
frequency diurnal variation. A simplified conceptual DO model after Kuo and Neilson 
(1987) for North Branch of Onancock Creek (see Figure 62) is developed below.
y  _  = -  kMV + kaV(Cs -  C) + Q.C, + Q2C2 -  Q2C + 2.67k VP -  2.61 krVP (3)
dt
where C, Cs, Ci, and C2  are DO concentrations (mg/L) in North Branch, atmosphere, 
freshwater input from watershed, and seawater at its mouth, respectively; V and A are the 
volume and areal extent of waters in North Branch; P is the phytoplankton concentration 
(mg C/L) in North Branch; Qi, Q 2 , and Q3 are flow rates of freshwater input, seawater 
inflow from the mouth of North Branch, and total outflow from North Branch,
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respectively (conservation of water mass requires Qi + Q 2 = Q3 for a long-term average); 
ka, kg, and kr are oxygen reaeration rates from atmosphere, growth rate, and respiration 
rate of phytoplankton ( d 1) in North Branch, respectively; the coefficient 2.67 stands for 
the oxygen/carbon ratio, and the remaining parameters have the same definitions as those 
in Eqs. (1) and (2).
Unlike the hypoxic bottom waters described in Eq. (1), primary production in 
shallow waters is high throughout the water column; therefore, phytoplankton is also an 
important source of DO in addition to surface reaeration. On the other hand, high 
concentration of algae is also an important DO sink due to respiration. Dividing both 
sides by V, Eq. (3) can be written as:
-  = - — - k M  + ka(Cs - C) + —  C‘ + —2^  + 2.67{k - k r)p (4)
dt h V V ' * ’ ’
For North Branch, the mean depth is approximately 1.5 m, which is much smaller 
than that of deep waters (-10 m). By further assuming B is the same as deep waters, the 
first term on the RHS of Eq. (4) is nearly one order of magnitude higher than deep waters. 
The second term can be assumed to be the same as deep waters. The sign of the third 
term is determined by (Cs -  C), which can be either a source (reaeration) or sink 
(degasification), and it is the same with the fourth and fifth terms. For the last term on the 
RHS, its contribution to DO is determined by the difference (kg -  kr). The rate of 
respiration, kr, is always a positive number, while kg is mainly determined by light, 
nutrients, and temperature in the water column, and can be zero during night. For shallow 
waters like North Branch, a higher P causes the last term to be the dominant one. 
Therefore, in Eq. 4, except for the first two terms on the RHS, the others all change signs 
frequently and thus can be either sources or sinks of DO. Because the last term is the 
dominant one and has a period of one day, the large diurnal DO swing that was observed 
for North Branch during the dry period of summer 2004 can be explained. During rainfall 
events, the contribution of photosynthesis to DO is inhibited while a higher M from 
nonpoint source input can significantly increase the consumption of DO. Therefore, it is
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not surprising that a few days DO sag can be observed following each storm event 
(Figures 7 and 17). Lastly, high variations for all the terms on the RHS of Eq. 4, as well 
as strong interactions among them, make it difficult to quantitatively describe or predict 
the DO status by solving the equation analytically. A numerical approach is thereby 
warranted. Lastly, by plugging some typical values for North Branch into Eq. 4 and 
neglecting the freshwater term on the RHS, a scale analysis comparison between deep 
and shallow waters can be estimated and summarized as shown in Table 9.
V-3. Limitations and proposed future work
In this study, a comprehensive numerical modeling approach was used to study 
the hypoxia problem in the head branch of a shallow tidal creek. The small scale of the 
research site improved the feasibility for site-specific field data collection, while the 
highly dynamic characteristics of shallow coastal waters also brought out many new 
challenges to numerical models. For example, North Branch was more sensitive to 
freshwater discharge and pollutant input than deep waters. A heavy storm may flush out a 
large portion of the existing organisms in the creek and deposit a huge amount of new 
sediment from the watershed. This event can change the sediment composition drastically. 
Although the subsequent effects of these events are important in reality, they are not 
properly addressed by the model in most cases.
Numerical models are simplified representations of the natural world, and the 
results they generate are only as good as their inputs. For LSPC, some important input 
data were not available throughout the study. For example, the nutrient concentrations in 
the groundwater were a good example. For VA Eastern Shore and the entire Delmarva 
Peninsula, the groundwater is thought to be the dominant source (as high as 80%) of N to 
coastal waters (Bachman and Phillips, 1996; Reay, 1996; Jordan et al., 1997). This results 
from both high concentrations of N (mainly NO 3") in the groundwater and high 
percentage of base flow (>50%) in the total stream flow. In general, the average residence 
time of groundwater on VA Eastern Shore is more than 10 years old (Robinson and Reay, 
2002). Therefore, N levels in the groundwater generally reflect land use activities in the
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past. In recent years, people have been continuously reducing the application rates of N 
fertilizer. As a result, surface runoff only contributes a minor portion of N compared to 
the base flow. Hence, it is important to get more reliable information about the local 
groundwater in the Onancock Creek watershed.
The application of complex three-dimensional hydrodynamic-water quality 
models was mostly limited to those deep water systems, that were not as sensitive as 
shallow waters to external forcing. For North Branch, the small scale and highly dynamic 
characteristics require higher-resolution data as model input. This can be found from the 
short-term salinity and temperature simulation results for station 7-ONB000.20 (Figure 
41). Also, most parameters and numerical formulations employed in the current model 
originated from the applications in deep waters (Cerco and Cole, 1994; Park et al.,
1995b); therefore, they might not be as applicable.
In shallow waters where light can reach all depths, bottom plants such as rooted 
and attached macrophytes, as well as periphyton, are recognized as important primary 
producers other than floating phytoplankton (Chapra, 1997). However, in eutrophied 
waters, benthic primary producers such as seagrasses and benthic microalgae can be 
subsequently replaced by fast-growing pelagic primary producers and attached 
macroalgae species (Eyre and Ferguson, 2002; Karez et al., 2004). Due to the high C:N 
and C:P ratios (Enriquez et al., 1993), the faster decomposition rates of macroalgae and 
phytoplankton often lead to large diurnal DO fluctuations associated with high SOD 
levels in these waters. Based on the two VIMS field surveys in fall 2004 and spring 2005 
respectively, macroalgae were abundant along the bank of North Branch providing direct 
evidence that North Branch was heavily affected by increased nutrient loads. Moreover, it 
can be reasoned that macroalgae could play an important role in determining the nutrient 
cycle as well as production and decomposition processes in North Branch. Therefore, the 
incorporation of macroalgae species into the current water quality model will greatly 
improve the model’s capability of simulating shallow water systems, where macroalgae 
species seem to be important.
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VI. CONCLUSIONS
Based on both long-term and short-term field data, shallow water hypoxia was 
observed in North Branch, Onancock Creek, Virginia. The high frequency data revealed 
that the oxygen concentrations in the summer and fall were composed of a series of 
diurnal oscillations between super-saturation and near-anoxic conditions, and were 
frequently interrupted by the near-hypoxia prolonged DO sags, corresponding to rainfall 
events, for a period of 2-5 days. In the winter, the diurnal oscillations and the disruption 
periods still existed, but the minimum DO concentrations were mostly above 4 mg/L.
A hypothesis was made that the cause of the hypoxia is related to: (1) point and 
nonpoint source loading input, (2) sediment oxygen demand, and (3) localized 
hydrological conditions corresponding to rainfall events. In order to test the hypothesis, a 
comprehensive numerical modeling system was successfully developed, calibrated, and 
applied to study the hypoxia problem in North Branch. Model results suggest that excess 
nutrient input to the Creek from both the point and nonpoint sources are the dominant 
cause of the hypoxia. The major findings of this study are summarized below:
1. Both hydrological and hydrodynamic conditions of North Branch favored the 
high algal production in North Branch and subsequently caused the hypoxia 
during summer time. However, these conditions are not the unique properties 
of North Branch. Therefore, they are not the dominant reason for hypoxia.
2. Eutrophication, which was induced by excess nutrient input from both point 
and nonpoint sources, was the ultimate driving force of hypoxia. The model 
results suggest that reducing nonpoint sources is more efficient for preventing 
because of their higher contribution of nutrients and OM. The implementation 
of a new effluent standard for the point source, in conjunction with a 60% 
reduction of nonpoint sources, can resolve the hypoxia problem within a few 
years.
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3. The nutrient and OC enriched sediment, which directly resulted from high 
primary production in the water column and the deposition of OM from 
watershed input, was another important nutrient source for phytoplankton 
production. The high coupling between the sediment and water column 
improved the efficiency of nutrient utilization within the system, and thus 
helped to sustain high primary production in the case of insufficient external 
loading input. In addition, high SOD (4 g 0 /m 2/d in summer) also contributed 
significantly to the hypoxia in the entire water column. Therefore, it will take 
more time to improve the water quality (DO) in North Branch after the 
reduction of external loading.
4. A conceptual model comparing deep vs. shallow water oxygen dynamics was 
developed, which signifies the expanding role of the phytoplankton 
community in the shallow water as being both a primary producer and 
consumer of oxygen. Because of the shallow water depth, the role of the 
benthic-pelagic coupling process was also increased, which closely links SOD 
tightly with the point and nonpoint source loadings.
5. This study suggests that, although low DO problems caused by high OM 
output from wastewater treatment plants have been reduced in most coastal 
waters, a tertiary level treatment for those plants discharging into small coastal 
waters is highly recommended. Furthermore, a scientifically sound selection 
on the final outfall is required to avoid the poor flushing in pollutant-sensitive 
locations. The control of nonpoint source pollution, especially during storm 
events, is also an important approach to prevent the persistence of hypoxia.
6. Lastly, the success of this study proves that numerical models are effective 
tools for diagnosing water quality problems in shallow waters, as well as 
providing feasible solutions for practical problems.
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Figure 4. VA DEQ historical DO data in Onancock Creek
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Figure 11. VA DEQ water column N data in North Branch and the main stem
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Figure 12. VA DEQ water column P data in North Branch and the main stem
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Figure 24. Map of weather stations and USGS gage in Eastern Shore, Virginia (red arrows from top 
to bottom: Onancock Creek, NOAA weather station at Painter, USGS flow gage, and Cherrystone 
Inlet) (Original map from USGS online database)
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2004
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81
(Aep/6>|) 6u;peo-| nx
zH
cd
(Aep/6>|) 6u;peo~| dx
cu
H
Fi
gu
re
 
27
. 
Da
ily
 
loa
ds
 c
om
pa
ri
so
n 
be
tw
ee
n 
no
np
oi
nt
 a
nd
 
po
in
t 
so
ur
ce
s 
for
 
No
rth
 
Br
an
ch
 
in 
ye
ar
 
20
04
. 
No
te
: 
Y-
ax
es
 
in 
L
og
-s
ca
le
.
o 
1/
1/
19
85
 
to 
1/
1/
19
94
 
O
bs
er
vs
d 
flo
w 
• 
M
od
el
ed
 
flo
w 
ov
er
 t
he
 
sa
m
e 
pe
ri
od
(S /eUJ) MO|d
M o d e le d  F lo w   1 9 9 3  O b s e rv e d
1.C 
0.9 
0.8 
_  0.7 
£ 0.6 
— 0.5 
o 0.4
LU
0.3
0.2
0.0
0 30 60 90 120 150 180 210 240 270 300 330 360
D a y  o f  y e a r  1 9 9 3
(a)
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
M o d e le d  F low 1 9 9 4  O b s e rv e d
30 60 90 120 150 180 210 240 270 300 330 360
D ay  o f  y e a r  1 9 9 4
(b)
Figure 29. LSPC calibration: time series comparisons of daily stream flow between model simulation 
and field measurements
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Figure 30. Hydrology verification of LSPC for Onancock Creek
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APPENDIX A: Geographic data sources used in this study
Data Element Source Date
Watershed boundary and 
shoreline
Division of Shellfish Sanitation, VA Department of 
Health
1998
Land use Virginia Baseline Mapping Program (VBMP), 
Commonwealth of Virginia
2002
National Land Cover Data (NLCD) set, USGS 1999
Elevation Digital Elevation Models (DEM) and topographic 
maps, USGS
Various
dates
Soils SSURGO and STATSGO, National Resource 
Conservation Service
Various
dates
Stream network National Hydrography Dataset, USGS 1999
Meteorological data Chesapeake Bay Program, Phase V 1984-1999
Chesapeake Bay National Estuarine Research 
Reserve
2002-2004
Onancock WWTP 1990-2004
National Climatic Data Center, NOAA 1990-2004
Stream flow data Gauging stations, USGS 1984-1994
V A D EQ 2003-3004
Sewered area coverage Town of Onancock 2004
Dog population US Census Bureau 2000
American Veterinary Association 2002
Agricultural and urban 
nutrient data
Field survey and literature values 2004
Domestic livestock National Agricultural Statistics Service, US 
Department of Agriculture
1997/2001
Wildlife Virginia Department of Game and Inland Fisheries 2004
US Fish and Wildlife Service 2004
Septic tanks Virginia Baseline Mapping Program (VBMP). 
Commonwealth of Virginia
2002
Atmospheric deposition of 
nutrients
Literature values Various
dates
Lawn fertilizer application Literature values 2004
Groundwater monitoring 
data
Field data and literature values Various
dates
Bathymetric data Field survey by VIMS 2004
NOAA 1950s
Tidal data NOAA tide tables 2004
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APPENDIX B: Explanation of statistical analysis used in this study
1. Mean Error (ME)
1 N
i - 1
where N: number of field observations; M: model results; O: field observations.
2. Mean Absolute Error (MAE)
N
MAE  
N
i - 1
3. Relative Error (RE)
N
I K - 4 - 1
RE =  -^ l.
2
4. Root Mean Square Error (RMSE)
RM SE=
i —l
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APPENDIX C: DO criteria used for Onancock Creek
Due to the complexity of natural aquatic environments, it is difficult to define a 
universal DO standard for all the natural waters. Therefore, a proper classification of 
different aquatic systems according to their uses and natural characteristics is the 
fundamental step for the establishment of DO criteria. While the classification of aquatic 
systems gets finer and finer, the corresponding DO criteria are also changing from time to 
time. In the Chesapeake Bay region, the most current DO criteria are summarized below 
(US EPA CBP, 2003).
Migratory Fish Spawning & Nursery Use
6 mg/L averaged over 7 days with a 5 mg/L 1-day minimum from February 
through May. From June through January, the shallow-water/open-water use criteria 
apply. This is intended to protect larval and early juvenile stages of freshwater species in 
upper tributaries and the Upper Chesapeake Bay. The early life stages are often more 
sensitive to low oxygen levels than adult fish.
Shallow-Water Bay Grass and Open-Water Fish and Shellfish Uses
5 mg/L as a 30-day average in tidal habitats with greater than 0.5 parts per 
thousand salinity or 5.5 mg/L as a 30-day average in tidal habitats with 0-0.5 parts per 
thousand salinity, with a 7-day average of 4 mg/L and an instantaneous minimum of 3.2 
mg/L. This provides enough oxygen for the survival of larval and juvenile fish found in 
these areas. The minimum level is enough to prevent lethal effects for the Atlantic and 
shortnose sturgeon, the latter of which is listed as an endangered species.
Deep-Water Seasonal Fish and Shellfish Use
3 mg/L as a 30-day average, with a 1-day mean of 2.3 mg/L and an instantaneous 
minimum of 1.7 mg/L from June through September. From October through May, the 
shallow-water and open-water use criteria apply. During the summer, these oxygen levels 
would protect eggs and larvae of bay anchovy, one of the most abundant fish in the
120
Chesapeake and a critical link in the food chain, as well as crabs, oysters and bottom 
feeding fish like spot and flounder.
Deep-Channel Seasonal Refuge Use
An instantaneous minimum of 1 mg/L from June through September. From 
October through May, the shallow-water/open-water use criteria would apply. These 
levels are intended to protect worms, clams, and other bottom dwellers that can tolerate 
low oxygen levels during the summer and provide food for crabs and bottom feeding fish. 
In winter, these same areas are important foraging areas for blue crabs and finfish (striped 
bass, white perch, and sturgeon) that seek refuge in these deeper, warmer waters.
For Onancock Creek, because of its shallowness, the DO criteria fall into the 
second category -  shallow water bay grass and open-water fish and shellfish uses. 
However, since SAV (submerged aquatic vegetation) and fish uses were not the main 
focus of this study, the strictest DO criteria were adopted. In other words, the 
instantaneous minimum DO of 3.2 mg/L was selected as the DO standard in Onancock 
Creek to quantitatively evaluate the efficiencies of different scenarios in this study.
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